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interesting to comparc the raiiifnll distribution map 
(fig. 9) of this storni with the mnpa of t.he four t.yphoons 
just cliscussed. Prof. A. J. Henry e hns pointed out in 
connection with this stoim that tho dist.ril)ution of rain- 
full in a tropical stoim is different froni thnt in ttii (?strit- 
tropical st,orni. In  the lat,ter the r i l l  is r i o t  clist,ributcd 
so uniformly nliout, the center as in t.he former. This 
storm, he continued, maint:nined its tropiaal ch:i.ruc tnr 
until it renched tlie up er Ohio Valley. 'I'ho llcnry rain- 

2), ~ L S  these stations are on the coiist n-hnre tlic st.orin 
passed froni sea to land. In  t,liis connoctiou it niight bo 
nienbionecl t.hat during the New Orbnns 'Iiurricitnc of Sc.1)- 
tember 39, 1915, New Orleans hud :I prccipit:ibioii of about 
200 nini. (Y.3G inches) within 31 hours on September 29. 
TABLE 2.-Aniount of rainfdl reeeiived dwing [he Gal.i~eslnn hiirriralie 

fall in Galveston and JJ? ouaton should be n o t d  (si?c T:ihlo 

Of Attg. l.Y-L'J', 1915. 

IM. i MTIX. 
15.s7 1 403.10 9.12 I z31.tis 
S 1S I 20i.ii 
5:w 1 143.24 
5 . 9 4 ;  151.M 
4.60 116.W 
4.91 12t.46 
4.82 122.43 
4.54 113.32 
4 . l i ~  I Ili.Sli 
1.3s; 111.2i 

1.87 60.04 
1.93 4B.02 
1.92 4s.57 
1.W 4i. 21 
1.G 42.42 
I.li(i 42. lti 
1.49 %.<5 
1.44 31;. AS 
1 37 31.80 
1:32 I 33. -i3 j 

I 
I IO 27.!14 

1.0s I 2i.43 
1.06 ai.%? 
0.97 21. ti.1 
0 . N  21.34 
R9ii 21.3s 
0. !I3 21. ti2 
0.u2 23.37 
0.92 23.37 
0.YY 2'2.3: 
0. I 22.35 

1: l(1 1 2i.% 

Staninton. \'a ............ i 
........... i ..... IlutTalo N. Y 

Kansas city.  kanu.. .... 
lIWtfJTd, 1!011U .......... 
hI'kQ&Irg, \Iv. v8 

........ ............ ........ .......... 
I ietroit Vich ........... 
Himu diiy, Iowa.. ...... 
Cirorlut.te. N. C... ....... 
kmlmid. UR ............ 0.5" 
?.fer1 li::n Viss.. ........ 0.51 
Wilmingidn. N .  C ....... 0.44 
Chicago. 111 ..............I 0.4s 

l n v .  
(1. 7.1 
0.74 
0.70 
0. ;a 
0. IjY 
0. lili 
0. lis 

0. tili 
0.62 
u.12 
a u1 
0. $4 
0.1;o 
0.Xi 
0. s4 

Erie i'n .................. 0. 1 4  
Toledo, Ohio ............ 0.44 
Norfolk. Vn ............. 0 44 
Ja?Lsoin il l% Fia. ....... 0.11 
Ciranil Iitrvids. Mich .... [ ) . .?I  
Ri..hrnon& \ i.. ........ u.s? 
Cheyenne. W y u .  ........ 0. ?ti 
~ Q V  West. Flo .......... 0.3; 
Alsileii?, 'res ............ (I. ?I 
1:irniinghoin. . A h . .  _.._. 0 . 9  
1,inculii. Nebr ........... a IS 
lies doiiics, Iowa.. ..... 0. is 
New Yor!., N. Y ........ 11.16 

R:ilei$i: N .  C . .  ......... 11.0~ I 
NQW rra\ven. Curin.. ... _I 11.11: 1 

1 l Q l  Riu I Q X  ............ 0.11 . 
Nsntlic.liet, hlss...llIIII i<ij ! 
Eastport. Me.. 
San .Antonio. 'rex. .... 
I jQn%, CUlO.. ......... 
Quebec. Wit. rift.. ..... (I. nit 

.. ...... ........... ....... 

J i m .  1s. S) lY. so 17. i Y  
17. i X  
I;. 27 
lli. 71; 
11;. 51 
16. ?ti 
l i .  2i 11;. ;ci 
15. i.5 
15. i5 
13. 4!l lli. 2lj 1.;. 
14. I- 
13.2  13.21 
18 95 
12.19 
I?. 19 
12. l!t 11.14 
I I .  1s 10.41 
s. ti4 
8. 13 

I;. 33 5.33 
6. IN 
4.37 4. .i7 
4. I N i  
2. i.J 
1. -72 
1 . 5  
1. a7 
1. U? 
0. 76 
(I. 5 
1). I 
0.00 

It. (10 
u. 110 
0. Ix)  
0. w 

ti. tin 

0. no 

So far RS these five tropicnl stornis are conccrntd, we 
can say: (1) That tho clistributioii of r:iiufall in tropicnl 
storms is uniform when com1i;trcd with the c!striLt.ropic;il 
stornis; (2) tliiLt the heaviest minfall usually occurs on 
that port-ion of the const whcre the stoiiii pituser from 
sea to lund; (3) that the velocity of those storms did not 
dccrense as they pnssecl from sea to land: and (4) that 
the heaviest precipitation usudly occurs dona the tra- 
jectory. In case, bowover, t,ho storni goes L r  ixlaricl 
this rule does not hold. In  this rospoct tlic behnx-ior of 
the tropicnl st.orms resembles that of the cst,r;Ltropid 
stornis. In  the study of cyclonic distribution of riti:ifaU 
in the United States, W. G. Reed fouiicl thlnt tho :~rca of 
heaviest precipitation usually occurred on the side which 
was nearest a lnrge source of moisture. 
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a .  . 5 .- I -. . , 

RADIATION EQUILIBRIUM AND ATMOSPHEEIC EADIATIOI.' 

BY R. EXDEN. 

(Abstract and translrrtion by H. DATEMAN, Govms, Md., -4IIg. 14, 1916.) 
1. INTRODUCTION. 

Much nttention is being pnid in the United States to 
thc study of atmospheric racliation and niany valuable 
inrestigatioiis hare heeii carried out by American 
metmxologists. These workeis have dso shown B 
kincllp intercst in thc researches of Euro ean scientists, 
and ns c t  proof o€ this tlie Sniitlisonian P nstitution hss 
recently puhlished the acliiiirable work of Andera An 
stroiii i n  its ?Iliscc!laneous Collections (v. 65, no. 3, 19157 
Bn important. ndvitricc in tlie theory of atmospheric 
radiation was made sbout seven or eight g e m  ago when 
M7. J. Huiuphreys and E. Gold sho~vcd that the sudden 
dccrense of the rcrtical tcm ieriiture gradient to a very 

the coiivect,im region, can be profitably studied in con- 
nwt,ion with the t.lieor of rndiatiori equilibrium. In 
Emclcn's ptper tlic stuc Q y of this relation is carried fur- 
tlicr, Hunip!ireys's fo;.mul:t for tlie tcmperxturc of the 
iuotlieriiid rcgio:i is ob t,ii,ined in another way md Gold's 
niat.!icinat.ical investigiitions are re1icatc.d and developed 
uiitlrr sli4itly clill'cren t nssuni itions. Soine of the 

Gold niid :we sumninrized with other interesting conclu- 
sions in the Iatt.er l>iIrt of the piper which is printed liere 
in full. Tho first pwt, of the pa )er contnins a critical 
survey of thrl work of Yclimamsclii \ cl, Gold, and Humph- 
reys and tho thcory is presented in u clear light. Schwa?- 
schilcl's ~ncthotl is dewloped mid applied to the case in 
which t,he rndiittion is composed of two parts, each of 
w!iicli c:in be t,renteil :LS gr:t3-. Eiiidcn's work has been 
sumniarizrd hy Schmiuss iii the Mct,eorolo ische Zeit- 
schrift (1918, 45: 454). Tile saiiie pt?rio,licn 5 also con- 
t&is n furt.1il.r coiitribut,ioii t.0 the mnthcmatictd analysis 
l y  ScIl\v.nrzschiltl fIhid.q 1'. 454) and an article by Gold 
(MP~,. %tschr., 1Ct14, 49: S9), ill which he expresses his 
v.ic~;s oil sonie of tho questions that have been raised 
wit.ii rognrd t.o the funtlamcntnl hvpotheses. As some 
toiiit,s :we appnr~ i t ly  st,ill disputed,' a brief rirsum6 of 1.- Iniden's itrgunicnt imy  perhaps he of i i i t e re~t .~  

low vnlue, wliich is indic:ntc d when n bltlloon rises above 

t41iwreticd result,s clnsclv rcseni i .de t.houi? oh tained by 

2. FUNDAMENTAL ASSUMPTIONS. 

(1) In rarlint.ion equilibrium tmh particle of air radi- 
ates out just as niucli anergy 'as it receives from ot1.w 
particles a i d  froni external sources if there any. Thus 
riidiat.ioii equilibrium olitnins when the temperatures of 
thc park  nnd consequently also the arrangement of the 
iiiasscs are not altltesctl by radiation and absorption. The 
func1itnient.d condition is that of the equality of the 
ainouiits of rditition given up and taken in, irrwpxtive 
of its composition RS regards wave length, state of polari- 
zation, and tlirecticm. 

rohlem, pressure, 
density, n.nc1 temperature are supposec?to vary only with 
the iiltitutle, and the curvature of the level surfaces is 
neglectd. In  rsdintion equilibrium each horizontal 
layer is supposcd t.0 rac1iat.c (according to its temperature) 
just as much energ as i t  receives from other layers and 
extornti1 sources. ? k c . l l ~ . w  ~f encrgy in an upward dire& 

(2) To siinplify the niatlienirtticd 

___- -. 

1 Eindrn, Rnbrrt. in Sitzungsb., IC. liayerische Akad. d. Wlisens., Yunchen, IOU, 
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riOn across the layer is, howfver, not assumed to be Pqicnlto t7i.e 
$ow qf mergy tlowizcard a,Ct'oss thc l(iycr. 

(3) Thf absorption qf cl2Tirsc rcrdintion. c m  be trcatui' 
with ni$citnt exactncss by ai!. appro.rinsatc> tltmry *in wA:icJ& 
diffuse radia.tion. is Irp7acrd by 1)(Ii*nllil rw?inf.io,i. und tht. 
absorption coc$ci.cnt .for t uch ~ru.w 1t.iigtlL .is clirwb7cti .  
More preciscly, if tl liorizo!ital In)-cr of a.ir of ni:iss r7 / t i  is 
traversed by a quantity of mdi:tt,ion Sh8k with warc lcngt,hs 
lyho between X ;i.nd X + 6X, t.lw amount absorhcd is a xYAbX 
for Biffuss radi:it,ion and ~ X S G X  for prii.Ue1 vert.jcn1 raili- 
atioii where ax =%A. The absorption coefficient 0,. is :Lt. 
Erst assumed to be indepenclcnt of the prrssurc m1iic.h 
obtains :tncl to be a function only of t.!!c wave lmgt,h A, 
but this assuiuption is nhancloncd 1xt)c.r. Tliv nhsorpdion 
coeficient for diffuse radialion will bc driiotctl by itx. 

The ititlio sentences indica.tt! the point.-: in v;iiich 
Emden's hypotheses dif-fer from thc,:.;r. of Goltl. In the 
treatment of diffuse rat-listion Gnltl cnilcmors t,o \vo:.k 
with formal rigor. Unfortunately thc abwrpt.inn coeili- 
cieiits of air which come into consitieration art. l int  know1 
with suficicnt cmwtness and when viiluw :ire :ic!opte(l mi- 
mericnl results can only he oh tained after curllful ni~.- 
chanical cluadra t.nrcbs. Guld alio trril ts solar ridintion, 
earth radiation, and ntmospheric mrliiition separRt,?ly 
in his eqiiations and inequalit,ies. in Enidrn's trc~cttnient 
thc two fornier nppcar only in tlic Bouiirlarj~ condit.ioii.:.o 

Emden aclopt,s the view that. t.hc i i i c s : ~ ~ t r i ~ ~ s  iiivolvcd in 
assunip tioii (3 is nt~gligihlc? cniiips~id wit.h that. tlur t.n 
our lack of knowledge of the nh-orption coc:Iicic-.iit,~. To 
justify this he ninkcs a. calcula t.ion in wliieh the I Y I P V ~ ~ ~ I ~ P  
of rays passing through 1n.J-i:rs CiT :iir nf tliifcwnt den<it.irs 
is di.regariled 7 and obtains thc following rcwlt4 : 

1. For black ra.diation we h:tw sccmntoly uA = ?ax. 
2. If thp intensity of the raclintion incrcavs in tlie di- 

rection of the masses t.ramvsecl n,. lie3 between ax and 
!?CY,., if i t  dccreases in the clirec.t,inn of thp ~iiti.w?s t.mv- 
ersed, we have alwuvs ak>2ah. The wtrinhility of fik 
makes a. rizorous niathemnticd trontnien t. of rdiiition 
cquilihrium very difficult, for Q A  is a funct.ion ol t.lie cliq- 
tribution of teinperatme which i q  to he found. We could 
calculate it by successive nppr(~~iiiintion9, h i t  in the clises 
which will be of iniportanct? the varint.ion of ttviipcraturc 
is such that 

3. If a horizontal ?aver of air c t t  const,ant tcniaerntxrc 
is bounded on one side by a hlacli snrface a t  t.hc sa.111~ 
temperature, then whatcvcr rntlint.ion the 1:iycr rcceives 
from the black surface i t  gives i t  up nyain t.o t.hc s;iiiic 
amount a.nd with tho samk wave-leiiyth. It thus finil.; 
itself in radiation eqilihrii1ni. Hcnccs if t,lie earth's sur- 
face radiates like a black body, an iwthcrmal cltniosplicrc 
at thc same temperature cnn not a1t.c-r the issuing 
radiation. 

3. Cond,itions jilr radSti.ii.oir q u.i.Li.bi'ium. 

Let EA be the emissivity of a black 1,ocIy for wave- 
length X and let &,, R,., be t.he ciirrcnti; o f  energy of W ~ T - C -  
length X which cross tlic bouudarie.: of p. thin 1iorizont.nl 
layer of mnSs d m  per sq. (-111. in thc upwin1 ixml down- 
ward directions, rcspcetivcly, tlicn wc litive tho  ccluat~ioiis 

is rouyhly equal to ?ax. 

where prime3 cteno te diflwent.i;i.tionr with respect to ?n 
and m is incasurrrl vertically do~w-iiw;irtl frni:i t.ho upper 
- - .__ . . . . . -_ - -. .. . ._ . . . - . . . . - . .. . . . . - .. - . . .. . . . .- . . . 

8 Emden us? :lifferential ~ ~ l i i a t i o u ~  while Golf1 IIW integral eyualions, so that the 

1 He also as~ i i rne~  that the ahsorption coeddent is independent 01 the pressure. This 
boundary conditions are contained imp1i:itl 7 in hls e ~uatioiis. 

assumption is not made in Cold's work. 

~vliert: AI,., and BOA are con ;t:mt,G of intcgration hut func- 
tion.; of A. Thc condition for radiation criuilibrium is 
that 

lm(Bi,. e - ~ ~ ~ ~ ~ ~  - A,& e*'h) dh = constant 

for nll v:rlues of m. Eniden asserts that this equation 
can hc siitisfied only if Bnx=O and A!nx=O. I n  this, 
howvrr ,  he appenrs to be mistaken, for I€ the absorption 
coeficieiit kx is :I function of X which is zero when X = O  
and X = M, we can satisfy the requircnient by putting 

where 71 and v me prbitrsry c0nstant.s. It should be 
noticc~tl that t41iese esprewions mctke A40x and Box change 
sign cis X passes through a value for which 12,. is a mnsimum 
or minimum. Unless t,his is physically impossible the 
conclusion ~vhich E d e n  clrnws from the equations 

His conclusion is that 
Ax=&= E x  for all d u e s  of mi.. This nicttns that n por- 
tion of t.hs earth's atmosphere can only be in radiation 
equilibrium a t  a coiistctnt temperature T if it is illumi- 
ntLt.ec.1 from above nnd below wit.11 thc rndirition from a 
b l t ~ ~ l i  body a t  tenipertit.ure T; thus :wording to this con- 
clusion nn isothtmiinl b-ver in rudi:ition equilibrium is 
impossible undcr the actual conditions. Influenced by 
this rrsult. Eiiirlen obtains an integral equation for the 
Vert,icibl dist.ribution of t.enipcmt~ure when there is radi- 
ntion equilibrium, but a s  lie does not ntt.ernpt to solve it 
the equation need not be given here. 

4. SEm.plijicabion qf t1t.c yrobkm. 

As vcry little progrrss can he niade apparently when 
PA varies with X, Emden eimplifics t,he lroblcni by as- 
suming t,Ii:Lt the ril.cli:ition ran llc, clivicled int.0 two por- 
t.ioiis (short. and long w:ives), cach of which can be 
t,reat.ctl nu "pmy ratlizttinn," i. c., r:rcliation for which the 
absnrpt.iou can be calculated by using an " uverage ab- 
sorption coefficient" iccltynclent of the wave length. 
The iiveritge nl)sorpt,ion coefficients k, and k2 itre sup osed, 
however, t.o hc differtwt for tlie l.wo t>ypes of ra d! iation 
and to be fiinct~ions of In since t,liey depend on the qunn- 
tit.y of water vapor per cubic centimeter of the atmos- 
phere. 

= 0, Box = (1, must be rejected. 
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Writing A and B for t4he energs currents flow-ing in 
t-he upward and downward directions, rcspcctiwly, and 
E for the energy emitted per cubic centimeter by a blwk 
body a t  temperature T ,  Emden now writes 

B = B, + B,, A = A ,  + A,, E= E, + E, 
and adopts t,he equations 

B'~PlZ?l+k2E..-kk,B, -k,B2, (la) 

A' = R,A, + k2A2 - k,E, - x.,E,, (sa) 

as t,he analogies of (l), (2), and (3). 
of each hyer  of air for tw3i 

are now assumed t.o be roport,ion:il to 

of dcnsit,y and humidity wit.11 
by using we1 F -known enlpiri- 

the height Emden is led to adopt the esprcssions- 

k, = 4b1m3 = 0.4m3, k, = 4b,m3 = 9.3m3. 

Emden now ne lects A, in comparison with A?; k,A,, in 
comparison wit% k2A2; and E, in comparison with E,. 
Then, assuming t.hat for m. = 0, B - A = 0, so t.hat the 
'heat balance' is zero, he obt.a.ins from the above rehtions 
and from B', = - k,B, 

(4) 

(5) 

where u is the fourth part of t-he solar constant diminished 
b the albedo. Putting E=sT1,  u=sr4, where 7=354',  
t e 'effect,ive ea.rt.h tom erature,' we obtain the vdue  of 
T. At a considerable eight m is small and wa have 
Emden's equation (86) 

5l z 

Some values of Tare given in Table 1. 

TABLE 1.-Valvsr of T Jot various valuer of the ratw kl!kp 
I I I I , I 

ti 
A 

T.. -. . . . . . . -. . . . -. . . . . . - 

The temperature - 57.23' C is called the "inversion tern- 
The value obtained for 

L - O  agrees with Humphreys' value. Above a certain 
level we may put =,am in (5) nnd we then find wit.h 

temperature gradient is given by Emden's (90) 

erature" and denoted by T6. 

k, - 
t,he aid of the re P ations dp=gpdz,  p=gpRT, t,haLt t.hc 

For stability we must have 

dT 1 K - 1  -<- - 
dz R I C '  

where K is the ratio of the spccific heats= 715. If the 
atniosplicre id in radiation equilibrium only those layers 
are stable for which 

7T4<5T,' A. or T<234.8'= -3S.2'C: 

Tlic vwiation of temperature with height mny be 
dcrired from f6) and Eiiidm obtains the following results: 
The height 7~ is measured in nicteis: 

2300 

0.00765 

3770 

255.8" A 

0.0235 

0 

Einden ~ S O  calculates from equations (4) a i d  ( 5 )  that 
t.he temperature of the lowest at.iaospher.ic lnyer is 15.S"c 
and that, t,he tciiipernture of t,he ground is 36°C'. The 
discont.inuity in temperature of 20 degrees is in reality 
g r e d y  diminished by conduction of heat and evnporn- 
tion. The remainder of the paper is now given in full. 

5. Summary. 

Let us consider briefly the foundations and results of 
the theory that has just been developed. If the raditi- 
tioii coming from the sun and amounting to  3 gram. 
cn,l./cin'. niin. were distributed uniformly over the surfnco 
of the solid emth deprived of its atmosphere, then on t'he 
assumption o€ gray radiation the earth would, independ- 
ently of it,s emission (absorption capncity) set. itself at the 
t.cm erature of radiation e uilihriuni, vix, T= 355" = 
13@(!!. Tnkiiig into account 7 t ie dbedo of the earth, the 
inflow of r:idintion is diminished by 37 per cent, conse- 

nently this temperature is lowered to T= 25.4" = - 19°C. 
%e c i ~  t.liis tem ernture tlie fjiecticv ewt7) tpmpmitwre.  
If nom we cover t K e earth with nn twbitrry atmosphere, 
then whether its layeis arc! arbitrarily poor or rich in 
water vapor and absorb weakly or strongly, i t  will set 
itseif in radiation equilibrium, with its lower art, iso- 
thermal, at the effective earth tmiperature 'TP-.354' = 
- 19°C (in ngrecment with Gold), provided the rrtdiation 
is gray, i. e., provided the ahsorption ctqx-wit.y is assumed 
to be the smie nrhitrary quantity for all wnvc-longths. 
If we csmiine the behavior for so arnte wnve-lengt.lis, 
we are led to a ~ i  int.egrrt1 equation w P iich can not hc ;le& 
wit.h on account of the lack of the necessary physical 
clnt,a. WG have conseqnent.ly adopted an iiit.ennedinry 
met.hocl in which the short-wavc rncliation of t,he sun 
and t,hc long-wave counter radiation of the esrt.h me 
ench nssumecl to constitute g r q  radiation hit. with differ 
ent absorption c0efficient.s. The abaoi.pt.ion (emission) of 
each atmospheric laver is ut  proportionn.1 to  its water- 
vapor content; it  is s m d  for the inciclmt short-wave 
radiation, lnrge for the returning long-wave radiation; 
only whcn the water-vapor cont.ent is very smdl do t,liey 
a proach a comnion very small value. On this basis 
t r ie following result was obtained: 
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Above a certain level the incident radiation is only 
weakened a litkle and the temperature of rndiat.ion 
equilibrium for each lnper is det.ermined solely by the 
ratfio in which i:,s cont.ent of wilt,er rnpor nhsorbs short- 
waved and long-wtwed radiation, inclcpendent.ly of the 
absolute va.lues. 'Ar1icn this rtttio is zero we obtain t,he 
miiiimuni ternpemture at  which rntliat,ion tyuilihriuni 
can occur, viz., 3 t  times srndler than the effcctive enrt,h 
temperature, or 213.7" (-593°C.). For nvcrnge humicl- 
ity conditions we must diminish this ratio by & giving n 
temperature of - 57" C.: t.he vdue  & would give - 54°C. 
These are the known temperatures of t.he stratosphere. 
In ascending the ratio - increases ~7it.h decrcasing wntcr- 
vapor content,, the temperatures rise attaining the eflec- 
tive earth temperat.ure for + = 1. If the highest layers of 
the atmosphere are, as is t.o be expected, sufficient,ly poor 
in water va or, then in s ite of wide-s reitd ideas t'o the 

perahres, but find them.eives throughout at, t,eiiiperat,ure 
- 19OC. At. this t,cnipetnt.ure the atmosphere p:i.sses 
isotheimtdy with incrensin,a attenuation, through con- 
ditions which on account of the lack of physical datta wc 
are not able t.o den1 with more closely, inta the so-cdlcd 
empty space. If! on thc other hand, we go downward, 
the temperatures likewise increase with increiising absor - 
absorption capmitics of wntcr vnpor for sliort wavcs and 
long waves come into action, t4hc c:ilculated temperatures 
are essentially uncertain. Nevertheless wc arc? shle to 
calculate the ternpcrature of the pound laver of the 
at.mosphere :is 15.SoC., agreein- mdl  with ohservnt.ion. 
"he im ortant result was therexy obdained that from a 

mechanicdly unst.able in ratliat~ion equilibrium. Con- 
vection will invalidate the calculated tmiparntures, but 
the temperature aboro this region m d  the teuipcr'itures 
of the ground layers will vary very 1it.t.le. 

Now it is known that the atmosphere helow an averiige 
height of about 1Okni. is almost always traversed ver- 
tically by the convection currents of long cycles, the cliar- 
acteristic phenomena of high and low presywe regions, as 
well as by those convection currents in which t.he general 
circulation of the atmosphere clearly enters i1:to the 

ain, the radiation temperatures phenomena. 
above the prescribed eve1 are not altered; those of the 
ground layers very little. Above this level, howevcr, the 
absorption of the incident radiation is so sindl that the 
tomperatures can be calculated from Table 1. We thus 
obtain with any desired exactnes? the teiiiperatures of 
the stratosphere given by observation as temperatures of 
radiation equilibiiuni of these layers, cleterimned by the 
ratio with which the mater-vapor content absorbs the 
short and long wave radiation. The rndiation theory 
furnishes the temperature of the stratosphere with any 
desired esactness. It gives a coniplete esplanation of 
the therinal discontinuity which is connected with tlie 
mechanical discontinuity in the rlirision of the a h b s -  
phere into troposphere and stmtosphere. T h e  radiation 
theory can not esplain the mec.h:Lnid discont,inui ty in 
the first place; nevertheless the possibility of est.ztblisiiing 
it is not excluded. To see this, we first of all make a (lis- 
tinction between our resu1t.s and Gold's scaoiid res111 t. 
If gray raditttioii is postdated, a.s with Gdil ,*  the ittuios- 
phere is always arranged in a stabie f d i i o n  by radiation, 

k, 
x.2 

x. 
A 2  

contrary, t. f ey are not c.iilrncterizetl F E y very low tern- 

tion. Since now-, ho~~-ever, the absolute rdues  of t r ie 

level o P about 3,000m. downwrwd the ntmospherc? is 

Hero, P 

8 Thhstatement Is mislea!ling. as Gold does not postulate gr3y radiation. The dmvn 
Is Emden's own interpretation of Gold's result.-H. Garrman. 

the absorpt.ion being an arbitrary function of the height. 
Starting froin a convective state a separation of the atrnos- 
phere at m = can indcecl be transitorily produced, so 
that convection currents are crentecl in the lower part. 
But. the tirizil product is nlwitys stahilitv; if the lieat baJ- 
nnce is null it is the isotlicnnal state. on the other hand, 
our theory iiictictat,es tliat hy radiation alone instability is 
continually produced in the lowest 3 kilometers of the 
at?iiosphrre; in the lowest parts it is of such great in- 
tcnaity that L perpetual cituse of convection currents is 
present. ('onsequently in an atinosphere which is not 
iiiHucnved by the general circulation a separation corre- 
sImiiding t.0 the troposphere and striitosphere must occur 
on account of racliat,ion alone tit the height to which the 
coiivection crurre1it.s estend. Tliis height would be given 
by the condition that the uncterlying ltxyers, intenlimed 
by convection, send out just as iiiuch radiation as in 
ridiiition equilibriuiii ; and it must be shown that the 
convection currents assot.iated wit.li instchility can drive 
up to  this height. It is not impossible that, an adiiiissible 
liqight will thereby I-,e obtained, but then it will be uncer- 
tain i d  suspicious to tmrihe t,lie dirision of the atmos- 
phere to tlieae prowsses of radiation. Indeed the general 
circulation can surpass rltdiitt,ion in action determin' 
teniperat,ure, and in the following para(mq)hs we slia v 
consider tlint the air niasses of temperate yatitudes receive 
tlieir radiating capacity not on the spot but, in fact, in the 
winter in equatorial regions, and hare cariiecl it to us 
froin there. The induced instability, however, deserves 
close consideration in all cases, particularly in its act,ion 
in regions a.nd at  times which are characterized by "radia- 
tion wieather." 

The calcwlntod temperatures are proportional to the 
effective earth temperatures, tlie fourth powers of which 
are datemined by the solnr constant and the albedo of 
the earth. The first quantity is measured with sufficient 
esactnrss; a ruriativn of tlie albedo by 10 per cent of its 
value would alter the effective earth teiiiperature by 
about 4 3 O ,  the inversion tein erature, and thereby the 

agreement with observation would stiU be advantageous 
if we consider that we can compensate temperat.ures that 
are too low by a decrease in the water-vapor content of 

d i  
4 

teiiiperatrires of the stratospiere P by about 3 3 O .  The 

the stratosphere. I t  that a inore suspicous 
simplification is that flow of ener y uni- 
foridy over the earth whereEy this 

(albedo 0.37) lead- 2 x 0.63 gram cal 
min amounts to 4 = 0 . 3 1 5  

ing to the effective earth temperature 254O = - 19°C. 
For the yearly suin of tho solar radiations for latitude 50 
measures only 70 per cent and for the pole on1 43 per 
cent of the value at the Equator. Even if we &regard 
the polar caps, the higher latitudes would, with the 
assumed distribution, receive too much, in case the geo- 
metrical conditions of the radiation were alone important 
in deteniiiiiing temperature. That i t  is not permissible, 
Iiowevcr, to introduce the effective temperatures for 
ditferent parallels of latitude according to the amounts of 
rndiat ion they receive is shown iniiiiedirtt.ely by an 
atte!npt to take into account the influence of the seasons. 

T h u s  in tlic auniiner half-year latitude 50" receives mi 
tlilit>1111 t, of solur riltliiitioli represen tecl by the number 183, 
in winter by 87 equatorial dttvs? for htitude 60' we get 
the nuni1)ers 169.5 mid 38. The effective earth tempera- 

0 Ifann,J.  Handbuch der Kllmstologie, Stuttgart ,lW&?, v. I,  p. 100. 
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tures (and the calculat,ed radia tion temperatures pro- 
portional to t.hese) must behave like the 4th roots, for 
latitude 50' like 1 : 1.35, for latitude 60' like 1 : 1.15. 
The summer and winter t,emperatures of these parallels 
of lntitude are 991.1°(18.1.0C.~ and 2(38'(- T'C.), rcsper- 
tively, an~12S7~ (1 4OC. I and 357.3'( - 15.S°C.), respec t,ively, 
they thus belinve only like I :1.09 mid 1:1.12, respec- 
tirely. The ternpern tures of higher latitudes nre thus 
not yenera.tec1 by solar rudintion a t  the place. The snlnr 
radiation indeed gorerns the average venrly tmiper:kture 
of the earth as a whole; its vnriation wit.h latitude nnd t.he 
deviations from a mean value during the yenr a.re dotor- 
mined by other fnctors. The general circulat,ion of the 
atniosnhere provides quan tities of entropy t.o hicher 
latitudes by the transportabion of mnsses of air ut h i ~ h e r  
temperatures, and in the same measure iw i t  requ1ut.e; 
tlie cornpenszition of temperat.ures ns the t,ime of t,he ytxr 
changes, it  takes care also of the nuiform distributioii of 
temperature which lies a t  the basis of our t.heory. The 
temperatures of the lower lilyem of tahe stratosphere nre. 
however, governed by the radiation of the deeper layers of 
the troposphere (we would ot.lienvise meet with benilwra- 
tures equal to the efi'ectire earth temperature! : t,he 
generill circulation consequently also hili ders the other- 
wise strong1.y local and seasond oscillation of the in- 
version temperature. Wagner's invest,ications show, 
however, that the time of t.he year still has some effect,, 
for the masimum temperatiire of the stratosphere in 
June was - 52'C, the mininiuni tenipernture in Janu:lry 
was - 61.4'C. The oscillabion of 9.4 degrees is smdler 
thnn the minun1 oscillation a t  t,he earth's surface. Our 
theory gives a satisfactory explanation. The atmospheric 
strata, and thus also t,he lower layers of the stratosphere, 
are richer in water vripor in the siinimer; the smaller the 
water-vapor content, the higher is the t.emperature of 
these layers. The lower t,em erltture of 

sated by smaller water-vapor content a t  the upper in- 
version. The invest.igations of the following will give 
further insight into these c.ondit.ions. 

(See Table 1 .) 
the radiating layera of the troposphere is part P y conipen- 

6. THE RADIATION OF THE ATMOSPHERE. 

The investigations of the last paragraph rlet.ermine 
the temperature of radiation equilibrium of tlie atnios- 
phere in the case when the heat balance is given. In this 
paragraph we treat the converse problem. Let the t.em- 
perature of the ntmosihere and the outer radiation bo 

section of the atmosphere and emerges a t  its boiindory ? 
We start from the same assumptions as before but P is 
now a given function of m and the equations may be 
integrated, giving 

given. What is the ra A iation which traverses each cross- 

B, = ue-blm' and Ba =Bae-b'+46ae-hm' m3&m'E a.m.. r 
Takin into consideration the fact that B2 (the value of 

obtain after a simple transformation 
B a t  t f e upper limit of the atmosphere) is zero, we f111t~!ly 

B = Q e - h '  - E e - b d  + E-  e-m' ebMEJ&n, (7) I" 
where 
atmosphere. Likewise we find 

denotes the value of E a t  the upper limit of tho 

A = &m' - 4~2&m'~m~~n?e-b~m'E am., 

10 1$*2q78tr, A .  Die Temper8torverhh;ltnisse in der frelen AtmosphiirA. Beitr. E. 

&ne#, E: H . ,  in &d. tra&.;lQll, 211A:m. 
Ph 4ik d. Ir. Atmos h 1910 3.57. 

rtnd after a simple transformation 

(8) 

If inst.ead of t,he ~ a l u e s  K and E at! the upper limit we 
introduce the vnlues A nnd E a t  the lower limit of the 
atmosphere (Gm = Y) w% obtaiil 

A = (3 - E )  + E-  &"' p-bs*lrEJ am.. I" 

Equations (7), ( S ) ,  and (9) contain the complete solution 
of our problem. 

If now we r:llculute the quantity 

(3X;E- - k,B - k,d) dm (10) 

we obtain the yield of aiergy for each layer and conse- 
clucntly thc velocitv of cooling. Integmtion with respect 
to m gives thc yicld of heat froni ntmosphcric layers of 
finitc thickness. 

A p p l  icatioias of the above rquationu. 

We first of all give a table of the temperatures at which 
;1, black body radiates certain quantitics of energy, E, 
nirnsurcd in gram-calories pcr square centimeter per 
minute. This unit will be deiioted in future by C;. 

TABLE 3.-Tempuratures at which a black body radiata the energy E. 

(1) TAe nocturnal cool~inr~ of an isoth.mzrr1 atmosp1wre.- 
Let the temperat.ure be 2'. In  consequence of the con- 
stancy of tenipc.rataure, E is also constant, therefore 
E'=O and so E= E= E. Taking into account the noc- 
t,urnal conditionswe put u=O in (7) and obtain 

(11) 

(12) 

Since we wish to discuss t.he radia.t,ion of only the 
atmosphere itself, we a.ssunic further that t,he earth's 
surface is likewise at  the same teniperature and radiates 
like a black bod , or finds itself a t  a somewhat higher 
temperature w i d  a sn ider  capacity for radiation. so 
that we have A = E and we obtam 

A = E  (13) 
The radiation B, which is not so import.ant, for our 

investigat,ion, is uninfluenced by this simplification. 
Equat.1on (13) agriin gives the theorem t.lint an isothermal 
atmosphere does not alter the radiation of a black body 
a t  t,lie same teni cra.ture. A horizontal surface rcflectin 

measure, a t  a lace in t,he atmosphere, a radithon inde- 

radiation. When turned over the irradiated surface 
nieasiires the ra.diation directed earthward which is 
given by (11). The fact,or l - c b s m '  is, as is easily seen, 
the absorption capacity of the Irkyen lying above the 
level m., so that e untion (11) is thc ex ression of Kjrch- 

B = E( 1 - e--h?n') 

A = ( A  - - E)  &MW-Jf'ic) + E 

- 

i on it.s upper su d ace and black on its lorn-er surface woul 

pendent of the R right and equal in int,ensity to the earth's 

hoff's law, which % olds here unchangcci5) since we assume 
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an isothermal radiator. For the gr.ouiid layer, m.= 1, we 
have r b r r n '  = 0.1 with awrage humidity conditions, so 
that the enrth's surface rwcives, r:idiateil to it from the 
atmosphere, 11 qumtity of heat equd to 00 percmt4 of the 
quantity r:iclisitccl l>g :t Mack body :it t!ic same tcmpcrn- 
ture! With iiicrca>ing rndiation the inflow of hent to 
thc atnio*phrre dcc.rc::ws r:ipicllp as the following tnblc 
shows. 

TABLE 4.-Ii?flO711 oj'h1.d to the alinospherc at different levels and tempura- 
turee. 

The radiation is nicnsurcd in (7's a s  hilforc. 

- -. 
I 

I' 
__-I 

i 
I ! 

1 -vt/rrs. 1 a. i a. 0. 0. ! 0. : 

; .I,,!; 1 0.23 1 0.27 (1.315 j 0.35 0.42 
' 0.32 I 0.1s 0.21 I 0.PB I U.?S 

! 5:MO I 0.04 I 0.05 1 0.055 ! 0.W ! 0.07 , 

I 

: (I , 0.2s 0.22 0.3s ! 0.11 0.50 

i I ooo I 11.n~ 0.10 ' n. 1 1  . 0. 13 I 0.15 I 
! o . u I  0.11 (1.16 ! 0 . 1 9 ,  n.22 

i I ! I - ._ - __ _ _  __ -. - - - . 

Direct nieasiirenients I '  give- 
... .. . . . - . . . .. . . . . - . -. - - - .- -. - .- __ . . - .- -. . . __ - . . . . 

! Naples Vienna 1 Zurieh Howirs I Sonnhlick 1 jG0rn). I (230m). ~ (44Om). (95Orn). ; (3.100111). 
observed temgcrsture. \.-I ~ I I ___ .  

! I i  

i '  - 
22°C. I 19" i 1 5 O  I -Go I -lo -12' 

. ._  .... . 
. .  

I I  

Counter ndht ion  of the at- 
0.37! 0.21 : 0.23 ~ U.12 

The differences (cnlruln t,ed - ol)sm.ved) iirc with 0110 
escapt,ion positive. clc.cre.is;ing a-it.11 increasing heigli t, the 
reason heiiig that, the calcultitions itre based on tempera- 
tures ivl2ch do not m r p  \vit,li the height. 

In compnriaon wi tli the pre-rious numbers represent,ing 
tlie relnt,ion I-,et.wcrn E and T, t.he num1)ers show how 
gren.t the protect.inj: c4fect !St.r~ililunFssrliut,z) of an 
mothernin1 ntniosphrro is uni1i.r ordinary liumiclity con- 
ditions. At. st.:ilcvel t.hc couiiter-r:idiat,ion of this tit- 
mosplierc: iiiiiount,s to (10 per cent, of the out,er mcliation 
of the cnrth's surf:ice wlicii the 1nt.ter has its niilsiinuni 
value (black-boclv riitlint.ion) ; it CRII thus keep the enrth's 
loss of hen.t, ns low as 10 per ctmt. "lie estmorilinary 
influonce of the w:i t.er vspor is also shown, for the ilecre:\se 
of thr nunibers with the height is to IM :iscribecl chiefly 
to the mztter vapor. 

To calcul:i.te tlic qumtity of he:it., dQ, given up hg nn 
atmosplieric l n p r  \vi? fincl from (10) t l u t  

( i ~  = 4 1 ~ . - s 7 n 4 ~ ~ m ~ 3 ~ 7 m , ,  (14) 

Q = E (6-bs7Ill'- e -bmd 1. (15) 

Consrqucntly tlir layers lying tihove m .  givo n quantity of 
heat 

Q = E (1 - e-b37n4), 

which is t.lio clua.nt,it,p furnished hy t l in  radi:ition 8. 
The lieat, giren up l y  diis lrivcr t,lius wiindcrs only in t,be 
diraction of the eiirth. '.his is crident, bacnuse t,he 
coiisti:nt, ciicrgy currciit, 3 , wliicli lemes t,lie ntmosphere 
in the direci.ion of spce ,  enters a t  t.lie l o ~ c r  surface. 

The teinpcrature of e:ii:h layer fnlls in n iiiinute by the 
quant,i tg 

(16) 4E 
CP 

811d SO 

A T = - ~ . - ~ ' ~ ' b ~ n P ,  

m E= Eo- M' ill= 1. 

Since m - 1) nnd B- T' we have the polytrope 

thus K ={.; this gires the fall of teniperrituro 

The ternperat.ure ilecrensev hj- O.P.',' per 100 meters, 
t.hus esceptioiinlly rsiitlly a-liw we titkc in to ~ ~ o u i i  t 
t,he a1wn-e esceptionally siiinll fall of tempersture. We 
cain thns est,ilnnt,e tlie radia.t,ion under :iverage conditions. 
In paragraph 3 of his paper Gold has ;~s.iuined t,he sanie 
tenipcrnture grdients. We nrr thus in n position to bo 
able to coiiipnro his rcsulls with our thcory. We thus 
oh t.ain 

(18) 

(19) 

The in te~rn ls  can be e\-nluntetl hp clevelopnien t- in 
series which, since h, = 2.3,  converge slowly for the maxi- 

1: B?rdm. Gssko:chi. Leiprig. IW7. Chn Iter li f?. 
Tlle term "polvtraspip nlmuspl?ere" i- w e d  by Emden to denote tin stmmphcre or 

portion of Rn atmas >here in w!ii4i the pressure, alwlute ternporntore, and spcific 
volurnc nro comctcb the rcl:itions 

11 Trabert, 1K Lehrbuch der kosmische Physik. Leiprig, etc., 1811, p. 456. T~'-~=conskm~ pv'=emstant. 
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mum value m= M= 1, and t,he 10th term must be taken 
in to nccoun t. 
TABLE 5.-The counter radiation R for d(ferent bottom toirperuiures, To, 

and altitiules, h. 
[Gramculuries per sq. cm., per minulc.] __ -___-_ 

TO fair ternparstiire :it thr r.round). I I 
! 
I--. 

I 

The um tities of radiation ridin t.ed to t,he utninsphcre 
are evzentlp smaller tis in t,he case of mi isotlicrniu! 
atniosphepe, for .73 me oht.aiti 0.7SSEo instmd of O.DR. 

For the s&e of coniparison we gin! tjlie few av:dix!)le 
ohservnths and udcl bhe tcmpern tiirev To correaponiling 
to the nssunied grndien t.. 
TABLE 6.-conipa~isoii of obwmcl and wni.picted teniytratic:e.s iind 

! .I.,- j 18' 19' 1 -,jo Observed temperature.. . . . . ._. . I  -- . 
Calculated to .............._..... I 220 , 21' I 190 ' 30 

Obsermd eount.er-radiation. ._. .' f1.W ' U.41 0.37 1 0.21 
Observed calculated Isother- I 

mdly ...__......._________...., 0.50 0.48 ; 0.44 1 0.29 
Observed calculated polytropl- i 

cally ........................... 0 . 4 0 :  0 . 4 2  i ._ -. - 

- .. . . 
Sonnlilick 
(3,100 m.) 

The agreement. with the observed d u e s  is as good as 
can be e s  ected considering the difficulty of the nieasure- 
ments an a the svera.ge conditions at  the basis of the cnl- 
culation. The disagreement of the nieasurenieiit, 0.33 on 
Sonnblick is an exception; in conipnrison with the obher 
measurements, this value appears. esceptiondly laye.  
The a.grcement shcnus that .with. out' simpl$j/in.g a.s.sri.mpPtorr 
of d,ividing th.e radaiation into short waves and long waws W P  
$rm a very good esi5mate of tlic condeitions act,uaZly o h i n -  
mg. 

Ifl in order to approach closer to average conditions. 
we choose the exponent K = 716 of the polytrope, we should 
obtain the temperature gradient 0 . 4 9 O  pcr 100 met,ers, 
and we should have to evaluate int,egrals of the form 

For an atmosphere of this structure, we obtain 
B=0.838E0 instead of the values 0.79SE0 and 0.9Eo just 
calculated. The two tables thus suffice for a judgiuent 
of the average conditions. 

The radiation A can be calculnted for each level froin 
(19) .  I n  a free balloon a t  night the radiation B-I-A 
would be obtnined per horizontal square centimeter; it 
can serye as a measure of radiation. 

For the radiation A which the atiiiospherc loses a t  its 
upper boundary, we obtain B=0.7374EO1 thus 73 per 
cent of the quantity which enters t.he atmosphere helovi. 
(For the temperature p d i e n t  0.49 we get B= O.SBGEo.) 
The atmosphere's gain in rucliution is thus 

gram-cal. per sq. cm. per minute. 
Eo (1 -0.7274-0.79s) = -0.5353, 

It will consequently cool by about 0.00090 degree a 
minut.e, or by 1 degree in about 1s hours 30 minutes, if 
t h  ground teinperiiture is 0°C. The tinie of cooling 
of the lo;vea t kilometer is eritlently smaller than 7 hours 
20 minutes, tho isotherinid value. The cooling during 
the night is estmorclinnrily sninll. 
TO tind the yield of lieat d&, we use (10) and (13) and 

ub taxin 

uiid for a finite layer from m1 to *ma 

JO J o  

Jml Jm 

where the qusntit,y alreucly ciilculitted is again given for 
./ti., = O ,  .my = JI. I n  (28) r7Q > O  when in is large. For 
siiinll vtilues of t i l !  we espniicl in po~vers of m. a.iitl neglect 
wt.' nncl higher powers. The quwnt,it.F within square 
1 mrke t,s tlieii becomes 

3n1- (1 - &). 

d Q 5 0  aiccurding as iir><0.27. 
'Illus 

In all layers for which 7 ~ .  >< 0.27 the outward radi- 

ation is >< the absorpt.ion. The layers higher than m= 
0.27 are \r-nrined and the lower ones cooled h the radia- 
t.ion process. Let us calculate the height of &is layer. 

Since the temperature grd ien t  is given by 

cl T K - 1  
dh-  K b  

- .- 

the polytrope 
11-1 T 

gives 

if we put 

We then obtain 

K-1 - 
BT= Todp 

K - 1  

p O = d d = l  and p = m Y  

Using our value K = 413 and m = 0.27, we get 
K-1 

1 -1n-F = 0.2s and for To = 373, 

h = 8,950 meters. 

For thc tcmperature gradient 0.4!Jo/?n we should have 
obtnine:l S , W O  m.: for O.lo/ni ,  S1G50 m.; increasing t.0 00 
for an isothmm:il atmosphere. Inrtcnd of our value 
711 =0.27. Gol:l found 0.35 under different assum tions 

it polytropic atniosphere x-oult! be warmed by the process 
oE mdiation; below it ~voulcl be cooled. 

as to the chtribution of water vapor. Above this fl eight 
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111. ATMOSPHERIC RADIATION AND SOLAIi RADIATION. 

In order to free our irlcns on the heating of the eart,li 
froni ninny conventional obscurities, we ask the question: 
can I ~ P  p f l  liht!y of ?'m?iat:bn. udi.i.c.5 t7ie aa?'th,'s si!;*fiic.e 
reeekys be IncrtiascJ b!y nn. ahsorbing ntmosplwt.  p i i 7 w I  
betulcan the S W I ~  act7 thc tart7i. Tlio nnsxer is in tlie 
afiriiint.ire. Let us put the clmstion in another form: 
Wonl:l tlie mean tem wraiure of t.he enrt!i's surface rise 

temperatures, i. e., d l i  stronger outmml rilrlintion, iiiore 
hent niust nlso be con\-eycil to it,. If the ittinosphere 
just.ifies tlic idea t,lia.t it is R hent conserver, thus increas- 
ing the teniperitture, i t  must nugixent t,hc radintion. 

The fnqt thnt tfii ithsorliiig subst~ncc can srmmgtlieii 
tho railistion ):issing tliroiigh it iip )ems p:traclosical to us, 

1ne.nt.a by which we tiebimniiie absorption coefficients. 
The absorbing su1~stanc.c is inte:.posetl hetmeeii the 
source o! r+iLtion anrl the receiving niensuriiig surface. 
In Qiis it is ewentinl that t.he ahorbing snbst:inc.e and 
zneauuring surfncc? sliould be a t  II lower teiiipernture t,linii 
the source of rndistioii, so that only the wczikening of t,he 
radiation is +t.eniiined. With increasing tenipertiturc? 
of the absorbing substance the conilitioiis :we coinplet.$~ 
chsngeil. If for inst.ance n-e take as a source of radiatiou 
a black glowing surface illit1 iiitcr )OSC n cold gas, the c l d i  

preponderates in spite OF the nbsor Ition nntl tlic lines 
n pear bright. If, on the other hpnc \ , we take care that 

escliange heat anion0 theinselves by radiation, then 
ratliat.ion equilibrium ?or this s st,eni set.s in m d  evcry 
absorbing body emits black rat B iat.ion. 

The earth's surface without an atmosphere would set 
itself a t  t.he effectirc rnrtli temperature if the sun's ra.- 
dirttion were uniformly dic,tributed. If we ag+n add the 
a.trnol;plicw, BPSUMB g:iy ritdiation, and tiwnit radiation 
equilibrium, the atmospliere sets itself isothermally a t  
the snnie tempcmture and ca.cli la.yer is trnversed up- 
ward and downward by the same energy current. inde- 
pendently of its height. The radiation which the 
earth's surface laceires remains unaltered, nnd the 
"heat conserration (Wlrnicsc1iut.z) " of this atmosphere 
would be null. Strictly speaking, it would be negative. 
Diffuse reflection and clouds cliniiiiish the useful rudin- 
tioii b 37 per cent, the value of tho albedo; but we 

not eiiter into the therinod-~ianIical system aiid is a1wa.y~ 
left out of consider:rtion. 

If we nbniidon the hypothesis of g a y  radiation, which 
lends to unsntisfactory results, aiid ngnin divide the m- 
diatioii into short and long waves, tlie eart,li's surface is 
met in mdiat,ion ccluilibriuni by riidintion B rleterinined 
by equation (4) of pixagaph 4. Denoting by u the 
radi:itioii incident on the upper limit of the atmosphere 
we get 

T71crc is conscruntion of /!.cat: the in . twpoad a.tnrosphere 
Rtrungth.ciis the incident rc?d.Ccitio!b b y  about 22 pcr crn.t. 
Tlir iiiechnnism of Lhe rd ia tkm proccss is clew. The 
atmosphere is wtirnied not only by t,he radiation inci- 
dent froni a.bo~-e, u, but chiefly by t.hc coiiiit,e~racli~~.~,i@ii 
from the enrth's surfwe, :uid tiiis cou!ite~r:tclist.ioii is 
itself governed by the solar radint.ion a n d  the counter- 
rii.diat.ioii of the atinosphrrc. The radiations _- B = - A = 

1.31 Su nre diniini~liecl by the ahTorpt.ion aiid ttniit;sion of 
the atmosphere to tlie values X=a=u a t  the upper 

or fall if the zktmosp i iere were tnkcn away. At. higher 

since we iiiro I untarily cnll to iiiiiic 1 the 1ahoriLtory esperi- 

ttbsorption lilies a p p t r ;  with n !I iotber gast t,lie emission 

t P ie rctdiating and nbsorbing (receiving) botiies can only 

oniit t 9 iis quantity of energy in practice, since it docs 

B=u(2.2)~=1.31Su. - 

boundnry, so that the balance of heat is iiull for the 
n-hnle. 

The convection wrril:itrs of long cycles hinder t,he for- 
mation of ritclintion rquilihriuiii wit.hin the tropos here. 
The teixpcmt.ures of t!ie stytitosphere are not a P tcred 
t.hwcby; it,s lmv ttmpera t.urc? nnd sninll cont~ciit in water 
ra or pcriiiits it to stwcl out only sniall clu:tnt.ities of 
rr:&iit,i(jii. The coniit.er-ra.tlint.ioli of the il tiiiosphcre is 
goreriiecl &nos-t eschisivrly by the condition of the 
brcrposphere, pnrticuln.rly in the 1:igrrs near the earth. 
Colisecpently we conit: ~rt?ry close to nvemge conditions 
wlicn \I-(: assunic i~ c l e c r ~ a . ~  of tcmperat.ure of 0.5' per 
100 in. ; t,lic. tempcr:it.urt! conditions of the lower im- 
pc:)rtaat ln~7evc.1.s arc! suficirnt.ly well represented thereby. 
The counter-radiation is cat,imot.rd with sufficient esnct- 

(21) 
wliert! To iiieasurw tlie ground teniper:bture of the at- 
mosphere. In ordrr to tiikr. into nrpmiit as far as pos- 
sible the conditioiis nc tually (-htaiiiing, wc abandon 
the assumption t,lint the solar rnclint,ion is disiribut.ed 
uniforinly over thc cnrth's surface; tlint, this is through- 
out. :It, t1.n iiwrnge t.cinpcr;iturc. We in&  HI^ investi- 
giitioii taking into account, thc gt:ogrnpliicnl Ilxtitude. 
:lccordingly we put for To in (21) the iiicilii tunipcra.ture 
id t,lie pnrtillel of latit,ude, using Ypit.nler's values €or the 
w ~ r ,  for July, thch w;:lmests inoiitdi, riairl for Ja.iiuar-y, the 
::oldest month. We thereby calculate tile counter-radia- 
tioii ( B )  - .  of the titmosplierc! a i d  coiiipnre it with the radia- 
tioii n-hich tlie sun e w d u  to this pmilld of latitude with 
the full cp i i t i t y  of radiation u = 2 Q's wit7tout mbtructing 
the nZburEu. (It would be too troublesome and uncertain 
to calculate the albedo of each pmtllel of latit,ude.) 
T11.e results of tlic cdc.uli~t.ion are given in Tabk 7. 

TABLE 7.-Solar radiotion and the atmospheric miinter radiation for cm- 

lless as 
I3 = 034 _. Eo = O.& q, 

tuin parullels of thhc Norlliem Heuiisplirrc. (Emden, p. 186, Tubk II.) 18 
[Grain-mlorler per squzrtl ceiitiunfiter per 24 hours.] 
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We first consider the mean yearly condit.ions. In the 
equatorial regions theniselves the counter r;icIint.ion of the 
atmosphere is only about 20 to 10 per rent sinaller t1i:in 
the inflow of radiation a.t the upper boundary, Since the 
content of the atmosphere in water vapor IS ccrt.ainly 
greater trlian the assumed mean value in thrsc regions, the 
counter radiat.ion is still greater. (Since we put R -  
0.S4s To4, it c:in be always ahout 16 per cent. grixatcr.1 
Between 1at.itucles 50' ant1 GOo t h  two radint,ioiis :ire 
alreadg equal to one another. A cvmsider;ible part. of 
the calculated solar radiation is, however, 10s t for rdiix- 
tion t.o the earth by reflection at. the rlourls nnrl I)>- diffuse 
reflection. If we cstiniate the diffusrly refkdrtl port,ion 
a t  19 per cent, as usual, t,hc solar raili;tt.ion will he alrcvirlj- 
reduced helorn the 'atmospheric r:irli:i tioii. \Vi! t,hus II:ITC~ 

a.tmosph.erc encowiters at its oi i tw  ll~nif, a i d  i.x gt.cnfr,r. i?iutr 
the anrmd so1a.r 'radiation .idiicli (rrricrs nt tlw stdid t w t h .  

If wq-? reduce the given vnlue of t,lie solar r:u-li;r.t.ion by 37 
lr cent, the niean vrilue of the a11,eiln. we oht.nin I-,t?t-\wrn 

fititudes 00 and 30*--or for linlf tlic cart11.s surf:ice-- 
about, 840 x 0.63 = 530c.d. : in thc assuinecl p l y t  ropic. 
atmosphere the outw'nrol riitliatioii o€ earth + ti tniospl1m.i. 
would be alnmstr esartly eqi.in1 to tho given -v:~li.ics of the 
counter radiation; for CUI p a y  22 .ii-e found tlw g.r.nc!irnt 
O . ~ ~ O / J  OOm to giw h' = O.sJ.h,,, nutl -1 = O.S:<E,,. 

The heat hdnnw would thus iio lougrr I)(> zero, sinc.c 
in the Couise pf t.lic. pear 111ore 1lcv1.t w d t i  l)c r:irlint.c4 
outward than inward. But the :~ssunied gradient l ~ ) l d s  
only for the lomTer layers of the rttmosl~here which c.hiefjp 
determine the c.ount$r racliation. By assuming t.111~ 
gadient we htive tiscribed fitr too high temperntiires to 
the upper layers which govern the up~vard radiation ; :?.t 
heights of 10 kilometers we would ol)t.ain - 3.5' to - 30°C 
instead of -50' to -Si'', the temperatures of the s h -  
tosphere. The outward rac1iat.ion consequently turns 
out to he much snider.  

If we calculilte with the rarlint.ion of t.lic st,r:itosphwe 
in radiation equilibrium, we ohtiiin instsittl of nn c~vcragc 
of about 720 cal./cni* 2.1 lux. of count.or rdiati!m, tjlc 
amount 1440 x 0.31 5 = 455 ca.l./ciiiz 24 hrs. c.oiii~)~rcd \\-.I t.11 
the 530 incident calories. Sincel however. n-it11 inc.rr!nsing 
latitude the nt,mospheric. ratlint,ion prq)oxiilcmt CS, thc hent 
halance is found to be zero with sufficient esi!.r:tiiess. 

The figures in Table 7 ennble us t.o compme the greatmyst 
and smallest counter railint.iun of tlie a:,?iiosphere mi t.li 
the greatest and s i d l e s t  daily solar mcll:it.ioii. It w 1 . s  
to he expected that wit.11 increasing lat~itucle t,lie s o l : ~  
radiation a t  tlie time of the suii's gmatcst alti t.iitlc ~ ) u l ( l  
al\\rays exceed the oount.er rdi:ttion. It is surpri.;ing, 
however? to what esteiit the counter ratliat,ion of thc 
atmosphere preponderates a t  t.he time when t,he SUI! is 
lowest. If we reduce the 1S1 calories of solar rncliation 
\&ich fdl 011 latitude 50' by the mlue of the dbedo, we- 
obta,in 110, while t,he counter mdi:i tion provic-lcs +GO 
calories. In central Euro e the cart,li's suil'nce recelqcs 

t.ion of the atmosphere as from solrir radiation. 
In order to be able. to cstinintc the conserving c&ct 

of the atmosphere in another may, we hare p r e p r d  
Tiible 8. 

two or three t,imes RS niuc P 1 heat, from the countact- rndin- 

TABLE 8.--8howing the thcnnnl Lmserving erect of the atmosphere. 
(Emdcu, p .  lB9, Table II.) 
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coverina, the matter is uite different. The more tho 

radiation pass in this rounclnbout way to the higher 
1at.itudes. t.o R large esteiit, in wint.er but. to a less estent 
in the wlinle year. In suniiner its heat conservation is 
negative, but in wint,cr we lwnefit, from solar raditit.ion 
which is conreyet1 to the higher 1atit.udce in a roundaboub 
way by nt~liiosplieric rarliat.ioii. The fncb that t,he "ra- 
diation teiiipcraturc" of ccntrtil Europe is increastvl to 
t,he estent of 30 t.0 GO degrees (C.) by t,lie couiitcr rntlia- 
tion of the atiiiosphorn :;liows tlie t tlie atmosplicrc ha:: 
not rewired it,s pent, cnpscity for rnrlinting by twiiig 
ii.mdintec1 in these la.ti!nclis. The general circulation 
of t.hc at.n?osl~lierc--\\.liicl? is pa.riic111;irly rivtivr in wintc:' 
on wcouii t. of t . h  Inrge t.ciiipernt,urc tliffcrciict.:~-hriii~~~ 
i1it.o higher la.t.itntles III:IYSCS of :xir ca.pnh10 of riicliat ins  
aiirl furnislicd with wmt, quaiit.ities of ciit.ropg in t lit. ,s equat,orial regions. 1 lin g~i.ieriil circuli~tioii 111ny be ri)ill- 

ared wit,li :t hugc? fiilin, which ascends in tht! tropical 
Eelt of calm, flows over t.hr t.ra.cle-wiiii1 rcgioii t i i i r ~  t.lw 
horse 1nt.ituclos and in rlceccnding is cn.pnl)le of mdinting 
profusely on account. of thc high potcnt,inl tcalpernturt~e 
at Inoc1crat.c water vnpor contmt,. 

In ordor to decide wh(?t;lic!r heat is conwpcil t.o t,lio 
highor 1:it.itudra and laiicl Iiiasscs cliid>- 01dy by solnr 
radintioii :uid ntiiiosphcric riidi:ttio1i, \W I K W  still to  t.:tkc 
into ncco1111 t. t.he infiucnce of the process of co;icli.Jlsi~t.ic>~i. 
If wnt,or vapor colidcmscs, cp2i11 ti t.ics of ait.ropy bix:imc 
nvailnl>le so t,hnt, work a l d  t.hc yieldiiig of 1ie:it ciin IN 
conilxitcd. If the parfoininnce of ~ o r k  is eufi.ciwt.1-j- 
snidl, thcii in case t.ha condcnsnt~ion t:ikes p l ~ t !  nt Oo,  

atmospEere e1iiit.s (ahor B s) t,he iiiore does the sun's 

~r:Lnl Val 
gI'L111 

the yield of lieat, is about, COO (at - IO", 

vrnni cnl 
cni? vides daily about 200 --- -- - .! wliilc tho counti:r mlin- 

arnlll cnl, tioii is only 67 L<w4~l~ thus ribout 10 per c.eiit of tho 

1' Brticktacr, E. On the origin 01 rain. Geographische Zdtschrilt. 1900,2:R9. 

450 

THE GOVERNMENT SAFETY-FmST TRAIN, 1916. 

By RUY 11. FINCII. olxerver in charge of W'cather Bureau Exhibit. 
[Dated Weather I3ure:au. Washinglon, Yept. 25, 1916.1 

During tho suniinw of 1916 a miiquc metimi was 
pur.wwl 111 iuforining tlic public iis to sonic! of the work 
tli::t is lxitig clone by t.lw various brimclics of t.he Federal 
G(.lvi'rIllllc11 t . 

W1-A. :t Pei1.t m:~ny p~wplc have 1iti.d :~.JI opportunity 
to visit, tliv c l i f i :wnt  iutrniational cspositioiis, :itid tlie 
Ni:.t,iim:!.l (bpi t d !  ycst t,lw vii.st majority of our citizens 
~ I ~ V P  hut, lit t.le know1 dgr. of Frtlerd nctirities. 

Aftclr t.he S:ift.tp-First Coiivcntiun, hclil in the New 
Natioii:il Museuni wiicrtl iiiost of the tlepartinents of the 
Govtmilnim t. l i d  idiihits, the iden wi~s coiiceived 
ol placing t!ii! casliibits 011 :t rnilwny train and giving 
evrryoiiv :ii\ opportunit,y to see what the Guvrrnnient is 
doing in t.lv w:iy of safc.giin.ri!iiig life nnil property. 
Accortlitigly, :i sdtvtit In of eshihits w z s  made and pluced 
in 10 st,cxc4 co::c.iws, from w-liich the se& hac1 brrn re- 
moved, of t.lw B.Lltiniort? & Ohio R d m i d .  Thus the 
Govci~lnicnt Sii.IL~ty-First Trn,iii, n '' 71Torlil's Fnir on 
diixtbls," origit:nt,cd, and on Ma.y 1, 1916, i t  stnrtcd on 
its four ninii ths' educn.t.iona1 trip. 

The eshihits were arranged on both sidcs of the cars, 
or so tis to leave a passageway from one end to the other, 


